This study utilizes Saccharomyces cerevisiae to study genetic responses to suspension culture. The suspension culture system used in this study is the high aspect ratio vessel (HARV), one type of the rotating wall vessel (RWV), that provides a high rate of gas exchange necessary for rapidly diving cells. Cells were grown in the HARV, and DNA microarray and metabolic analyses were used to determine the resulting changes in yeast gene expression. A significant number of genes were found to be up or down regulated by at least two-fold as a result of rotational growth. Using Gibbs promoter alignment, clusters of genes were examined for promoter elements mediating these genetic changes. Candidate binding motifs similar to the Rap1p binding site and the Stress Responsive Element (STRE) were identified in the promoter regions of differentially regulated genes. This study shows that, as in higher order organisms, Saccharomyces cerevisiae changes gene expression in response to rotational culture and also provides clues for investigations into the signaling pathways involved in gravitational response.
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ABSTRACT.
This study utilizes Saccharomyces cerevisiae to study genetic responses to suspension culture. The suspension culture system used in this study is the high aspect ratio vessel (HARV), one type of the rotating wall vessel (RWV) , that provides a high rate of gas exchange necessary for rapidly diving cells. Cells were grown in the HARV, and DNA microarray and metabolic analyses were used to determine the resulting changes in yeast gene expression. A significant number of genes were found to be up or down regulated by at least two-fold as a result of rotational growth. Using Gibbs promoter alignment, clusters of genes were examined for promoter elements mediating these genetic changes. Candidate binding motifs similar to the 3
INTRODUCTION.
There are several examples of the transduction of mechanical forces into changes in gene expression including changes in heat shock proteins and shear stress responses (23, 26, 36) .
However, the molecular mechanisms by which mechanical culture conditions in the rotating wall vessel (RWV) modulate gene expression in cultured cells remain unknown (9, 10, 14) . We hypothesize that by identifying specific regulatory motifs within the promoter regions of genes that respond to growth in the RWV, we might then be able to identify transcription factors and signaling pathways involved in this response.
NASA engineers developed a horizontally rotating cylindrical culture vessel, the RWV, to simulate many of the mechanical culture conditions experienced in the true microgravity of space (35) . This is accomplished using two modalities that, historically for higher order organisms, offer some components of microgravity, namely, randomized orientation to the gravity vector and falling at terminal velocity. The mechanical culture conditions in the RWV minimize induced shear while maintaining laminar flow in the suspension culture. The fluid dynamic operating principles of the RWV also provide for co-localization of cells and aggregates of different sedimentation rates, as well as three-dimensional spatial freedom for adherent cells to form aggregates. A version of the RWV used in this study, the high aspect-ratio vessel 4 (HARV), is designed to provide ample gas exchange, which is necessary for the growth of rapidly dividing cells.
Brewer's yeast, Saccharomyces cerevisiae, has culture and molecular characteristics making it uniquely suitable for studies of molecular mechanisms in the RWV (3, 5, 20, 32) .
First, the entire yeast genome has been sequenced and is available for study arrayed on affordable commercially available gene chips (3, 7, 32) . Second, the yeast genome has extraordinarily few introns and upstream promoter structures are often relatively simple, compared to metazoan counterparts (3, 32) . This implies that, unlike mammalian systems, once a cluster of yeast genes that changes with the same kinetics is identified, bioinformatic analysis of the upstream regions can identify common sequence motifs responsible for a specific regulatory response. Third, it is simple to manipulate these candidate regulatory motifs both by removing them or duplicating them in the genome, in order to validate the role of specific sequences as mediators of changes in gene expression. Thus, this study tests the hypothesis that gene expression will indeed change in response to RWV culture in a model eukaryotic system with a cell wall, S. cerevisiae, and provides the first data on the responses to the optimized suspension culture conditions of the RWV. In addition, results from this study can be used as a guide for further studies into the signaling mechanisms responsible for gravitational response.
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MATERIALS AND METHODS.
Strains, media, and chemicals.
Culture media components were obtained from Difco (Detroit, MI). Radiolabeled nucleotides were obtained from Dupont/NEN (Boston, MA). The strain used in these experiments was Saccharomyces cerevisiae strain FF18984 (MATa leu2-3, -112 ura3-52 lys2-1 his7-1) (40) . All cells were grown in YP media containing 2% glucose at 30˚C (15, 16, 33) Growth conditions.
In preliminary experiments, we determined the cell concentration of a starter culture, which placed the yeast in the stationary growth phase. This saturated Saccharomyces cerevisiae culture (OD 600 = 7.2) was diluted to an OD 600 of 0.2, separated into 55 mL aliquots and pipetted into ten RWVs. For this study, the type of RWV used was the high aspect-ratio vessel (HARV), which is designed to provide continuous O 2 /CO 2 gas exchange across the membrane. Residual air was removed through the syringe port. The RWVs were then placed in a gyrorotatory shaking incubator at 30˚C for 90 minutes to allow for recovery. Six RWVs were then transferred to rotators for the time course experiment and one RWV was removed prior to rotation as time zero. At each time point (20, 60 , 180 minutes) duplicate RWVs were removed from the rotators and split in aliquots for gene array analysis and northern blot confirmation. The cells were immediately harvested by centrifugation (4500 rpm, 10 minutes). Three RWVs remained in the 7 Gene Array T7-based RNA Amplification: 10 µg of total RNA was converted into double stranded cDNA (ds-cDNA) by using SuperScript Choice System (Life Technologies, Rockville, MD) with an oligo-dT primer containing a T7 RNA polymerase promoter (Genset, San Diego, Ca). After second-strand synthesis, the reaction mixture was extracted with phenol-chloroform-isoamyl alcohol, and ds-cDNA was recovered by ethanol precipitation.
Labeling, Hybridization, and Scanning: In vitro transcription was performed on the above dscDNA using the Enzo (Farmingdale, NY) RNA transcript Labeling Kit. Biotin-labeled cRNA was purified by using an RNeasy affinity column (Qiagen, Valencia, CA), and fragmented randomly to sizes ranging from The final concentration of fragmented cRNA was 0.05 mg/ml in the hybridization solution.
Probes for hybridization was prepared by combining 40 ml of fragmented transcript with sonicated herring sperm DNA (0.1 mg/ml), BSA and 5nM control oligonucleotide in a buffer containing 1.0 M NaCL, 10 mM Tris.HCl (pH7.6), and 0.005% Triton X-100. Target was hybridized for 16 hr at 45°C to a set of oligonucleotide arrays (Affymetrix, Santa Clara, CA).
Arrays were washed at 50 o C with stringent solution, then at 30 o C with non-stringent washes.
Arrays were stained with streptavidin-phycoerythrin (Molecular Probes, Eugene, OR). DNA 
Data Analysis
All the data was analyzed using GeneSpring software version 4.0 (Silicon Genetics, Palo
Alto, CA). The first part of the analysis was designed to identify genes up or down regulated by at least two-fold as a result of rotational growth. Next, methods including Principal Component Analysis (PCA) and K-means analysis were applied to group these differentially regulated genes into sets based on their expression patterns at the different time points (for reviews see 4, 9, 30, 32) . Small sets of genes with similar expression patterns were then subjected to further examination in order to identify common sequences within their promoter regions (Gibbs 9 analysis) (17) .
Briefly, the first step in this analysis involved identifying the significant patterns of expression within a chosen group of genes using principal component analysis (PCA). Next, the results obtained from PCA were used to group the genes into several sets using an additional clustering technique, K-means analysis. This form of analysis uses several mathamatical correlations to define clusters, which are small sets of genes with similar expression patterns.
The goal is to produce sets of genes with a high degree of similarity within the same set and a low degree of similarity between different sets. The three correlation methods used for K-means analysis are Standard, Pearson, and Spearman correlations.
Optimization and validation of clustering algorithms.
To determine optimal clustering, clusters are added one at a time. After each new cluster is added the percent of the variability in the data explained by the analysis is calculated. As clusters are added the percent variability rises, peaks and then falls again. This peak represents an optimal analysis. The strength of the cluster analysis is validated in three ways. First, the percent variability explained by the analysis should be high (>80%). Second, repeat analysis of the genes in each individual cluster should not allow further increase in percent variability of the overall analysis. Third, the various methods should give similar results, with similar clusters of genes observed with each form of analysis.
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Northern blot analysis 10 µg of total yeast RNA were electrophoresed on a 1.5% agarose/formaldehyde gel. RNA transfer was done as described previously (2, 15) . RNA quality was assessed by Ethidium Bromide stain. Single stranded DNA probes were produced using asymmetric PCR as described and labeled with a 32 P dGTP (2) . Genes for northern analysis were selected based on detectable basal expression and a large difference between control and experimental levels for ease of measurement. The primers were designed to give a 500 base pair labeled probe, which did not have a high degree of homology to any other gene. The primers used for each probe are as follows:
Primers were obtained from Sigma-Genosys through Fisher Scientific. The membrane was placed in prehybridization buffer (0.1% SDS, 50% Formamide, 5X SSC, 50 mM NaPO4 pH 11 6.8, 0.1% Sodium Pyrophosphate, 5X Denhart's Solution, 50 µg/ml Sheared Salmon Sperm DNA) for two hours at 42°C before adding the labeled probe. Hybridized membranes were washed once with 1) 10 ml fresh prehybridization solution at 25°C for 30 minutes, 2) 10 ml 2X SSC, 0.1X SDS at 25°C for 30 minutes, and twice with 3) 10 ml 0.2X SSC, 0.1X SDS at 55°C
for 45 minutes before exposure to X-ray film (Fuji Film, Edison, NJ).
Image Analysis
Northern blots were scanned using a Hewlett Packard ScanJet 5P. Image analysis was performed with the Kodak Digital Science 1D Image Analysis Software version 1.6 for Macintosh (Eastman Kodak Company, Rochester, NY).
Statistics
Statistics analysis was performed using InStat 3.0 for Macintosh (GraphPad Software, San Diego, CA). One-way analysis of variance (ANOVA) and post-hoc Bonferroni tests were applied to obtain the mean, standard error of the mean, and P values for replicate samples.
Statistical significance was taken as p<0.05 before Bonferroni adjustment.
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RESULTS.
Growth Conditions in the RWVs
Yeast cultures were grown in the RWVs (Figure 1 ) placed either on a rotator or a gyrorotatory shaker, to assess the effect of the mechanical culture environment (rotator) compared to conventional growth environment (gyrorotatory shaker) on gene expression. Cells were inoculated into the RWVs and removed from culture at 0, 20, 60, and 180 minutes postinoculation.
To ensure that any changes in gene expression were not caused by differing growth rates in the rotator, the optical density of the cultures were measured at each time point. As seen in In addition to growth rates, the conditions inside the RWVs in both the shaker and the rotator were also monitored to determine if there were any differences in the growth conditions.
At each time point an aliquot was removed from the RWVs, and glucose, pH, pO 2 and pCO 2 levels were measured. As seen in Figure 2 , the pH and pO 2 of the two cultures are almost identical throughout the time course while glucose and pCO 2 levels deviate from each other significantly (p<0.05, n=4) at 180 minutes. Thus it is possible to conclude that genes expression changes seen before the 180 minute time point are likely due to the effects of the low-shear 13 environment produced by the rotator and not to differences in growth rate or metabolic parameters.
Gene Expression Changes caused by Rotational Growth
Total RNA was extracted from each sample described above and used to prepare cDNA for hybridization to chips containing the Saccharomyces cerevisiae genome. Cells grown under conditions of rotational growth demonstrated definite changes in gene expression as seen in Figure 3A . To obtain a general idea of the effects of rotation on gene expression, the entire data set of 6,400 genes was submitted to PCA and K-means analysis. PCA first identified the significant patterns of expression within this group of genes as illustrated in Figure 3B . Next, the results obtained from PCA were used to group the genes into several sets. In this case PCA identified eight significant patterns of expression; therefore, K-means analysis was used to separate the same group of genes into eight sets ( Figure 3C ). Each set consists of a unique group of genes whose expression patterns all match one particular pattern identified by PCA. For example, if PCA identified a pattern that consisted of up regulation at 20 minutes followed by a decrease at 60 and 180 minutes, then K-means analysis would group together all genes whose expression profile fit this pattern. These same clustering techniques were then repeated with the control data to illustrate the differences in expression caused by rotational growth. Changes in expression profiles can be seen first in PCA as the gene expression data from the rotators does not contain the same patterns seen in the control data ( Figure 3B ). Differences in relative 14 intensity of the control and rotator data can also be seen in several of the clusters from K-means analysis ( Figure 3C ). For example, in the second cluster on the right (shown in red) a difference can be seen in the relative intensity when comparing the 20 minute control and experimental groups. This difference is caused by a change in expression values for these particular genes as a result of rotational growth.
Identification and Functional Analysis of Rotation Responsive Genes.
Once it was determined that yeast gene expression was affected by rotational growth, bioinformatic analyses were performed on the data to identify specific genes whose expression Figure 3D ).
The majority of the genes changing as a result of rotational growth are involved in cellular organization, a finding consistent with earlier observations in diverse cell types exposed to rotation and true microgravity conditions (6, 13, 18, 19) .
Clustering and Promoter Analysis
Identification of rotation responsive genes was the first step in isolating specific sequences in the upstream promoter region of these genes that could be targeted as a result of rotational growth. In order to identify these potential regulatory sequences, it was first necessary to divide the group of up and down regulated genes into smaller sets based on their expression patterns. The data was analyzed in two ways; the first was designed to look at kinetic changes in gene expression, and the second focused on a specific time point. After isolating specific genes corresponding to these two categories, PCA and K-means were performed on these particular groups of genes to separate each into small clusters of genes with similar expression profiles.
The promoter regions of genes within these clusters were then examined for common sequence motifs using Gibbs promoter analysis. These genes were then subjected to PCA and K-means analysis. As PCA identified five significant patterns of expression, K-means was used to separate these genes into five clusters.
Genes within these five clusters were then examined using Gibbs analysis to determine if they contained similar upstream regulatory motifs. As seen in Table 2B , two candidate motifs were identified in one cluster. The AGGGGT motif was identified in 10 of the 27 genes in cluster 2;
two genes had TTCAGGGG in their promoter regions while four genes contained both motifs.
Interestingly, the two motifs have the same core sequence, AGGGG, which is a known positive transcriptional control element, STRE (Stress Responsive Element). STREs are bound by the transcription factors Msn2p and Msn4p, which activate stress response genes as a result of many different environmental and physiological conditions (31, 38, 39) . The expression levels of MSN2 and MSN4 did not change significantly as a result of rotational growth.
The identification of STRE sites in this group of differentially regulated genes is not surprising given that they fall into two functional categories involved in the stress response e.g.
heat shock proteins and metabolic genes. However, the identification of a group of functionally related genes whose expression levels were likely influenced by a particular transcription factor is interesting as it gives an indication of the signaling pathways involved in the response to rotational growth conditions.
Expression changes at 20 minutes.
Given the significant number of genes up regulated at the 20 minute time point, these 353 genes were chosen for further analysis. Using PCA, it was determined that this group of genes contained four significant patterns of expression. For example, one of these patterns consisted of an increase from 0 to 20 minutes, followed by a decrease from 20 to 60 minutes and no change from 60 to 180 minutes. K-means analysis was used to cluster these 353 into four sets. To verify these results, two additional K-means methods, Pearsons and Spearman correlation, were used to cluster the genes. These additional correlation methods yielded comparable results (data not shown).
Promoter analysis of these four clusters revealed three motifs in thirteen of 147 genes grouped together by K-means analysis. These 13 genes share functional similarity as they all encode ribosomal proteins, and as seen in Figure 4 , they show a similar change in their pattern of expression. The identified motifs have the same core sequence differing only by one nucleotide on either side. The motifs as well as the genes involved are listed in Table 2A . The
Saccharomyces cerevisiae Promoter Database (SCPD) identified these motifs as being similar to the sequence bound by the Rap1 transcription factor. Rap1p can act as either an activator or repressor of transcription, depending on it's binding context. Rap1p is also associated with telomeric silencing (19) . The SCPD was used to examine the promoter regions of the 13 genes that were up regulated to determine if the motif identified by GeneSpring is indeed contained within the previously identified Rap1 binding site. As seen in Table 2A, 
Confirmation of Microarray Results by Northern Blot Analysis
To directly verify the results from the microarray analysis, the mRNA levels of three randomly selected genes were determined by Northern blot analysis. As shown in This study generated a genome wide data set documenting the kinetic changes in gene expression in Saccharomyces cerevisiae during RWV suspension culture. The duplicates were highly reproducible, and sufficient time points were included to allow initial attempts at kinetic clustering analysis of the gene expression patterns observed. The entire set of 6,400 genes was grouped in several ways in order to produce small clusters, which could then be subjected to further analysis. Each cluster underwent Gibbs promoter alignment analysis to determine if the genes contained within that set had a similar regulatory sequence in the promoter region. The identification of two independent clusters containing such sequences not only validates this type of study but also provides clues as to how the cell responded to rotational growth.
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We found that the shift from normal gyrorotatory growth to rotational growth triggers the cells stress response pathway, specifically through binding of STRE sites in several types of genes. This does appear to be a targeted response as the differentially regulated genes containing a STRE site are functionally related. They can be divided into two groups; those involved in the stress response and those involved in metabolism/glucose utilization. The first group contains the genes HLJ1 and SSA4, which are involved in stress responsiveness. HLJ1 encodes a protein homologous to the E. coli DnaJ protein that is a member of the 40 kDa family of heat shock proteins (hsp40) and SSA4 encodes one of the Saccharomyces cerevisiae hsp70 proteins. The second group of genes, PGM2, GPM2, and COX5B, are all involved in aspects of the cells metabolic cycle. PGM2 encodes phosphoglucomutase, the enzyme responsible for converting glucose-1-phosphate to glucose-6-phosphate, the last step in the conversion of glycogen to glucose. The protein product of GPM2, phosphoglycerate mutase, is involved in the last stage of glycolysis. Finally, COX5B encodes cytochrome-c oxidase chain Vb and cytochrome oxidase catalyzes the final step in this chain, which is responsible for generating the ATP needed in metabolic processes. As with HSP that responds to a variety of environmental stimuli, these proteins may be responding to the new environment. This points to the inadequacy of the nomenclature, as these proteins are not just stress proteins but environmental sensors for the cell.
In addition to the identification of the STRE site in one group of differentially regulated genes, putative Rap1-like binding motifs were identified in a separate group of thirteen genes up Beyond the identification of specific regulatory sites, the information obtained from the functional analysis ( Figure 3D ) can be used to hypothesize about other adaptations induced by rotational growth. Looking at Figure 3D , it appears that one of the largest groups of genes affected at all three time points are those involved in cellular organization. In particular, the upand down-regulation of certain genes in this category at the 20 minute time point suggests that the cells are immediately responding to the change in environment. The up-regulation of several ribosomal protein genes at this time also indicates that the up-regulation of transcription, determined through analysis of the microarray data, is likely followed by an increase in the synthesis of these proteins.
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At the 60 minute time point, genes such as ICY1, CBF1, SDS23, and ASE1 are up regulated. These genes are involved in a variety of processes including mitotic segregation and spindle elongation (24, 26) . In addition, genes encoding subunits of both DNA and RNA polymerase, additional glycolytic components, protein translocators, and mitochondrial ribosomal subunits are also up regulated. Thus it would appear that the cells are still responding to the change in conditions by up-regulating genes that should lead to an increased rate of growth, if the corresponding proteins are translated at a similar level. In agreement with this, the OD 600 of the rotating cells begins to increase significantly over those in the shaker after 60 minutes, and these cells also begin to utilize more glucose (Figure 2 ). This up-regulation of genes involved in mitosis may start to explain the increased growth rate after the 60 minutes time point as seen in Figure 2 parameters induce a cascade of genetic and protein changes (35) . More recently, there is abundant evidence that shear stress due to flow across vascular endothelium is critical to maintain many attributes of normal cell structure and function, in studies which delineate some candidate promoter motifs (23, 25) .
The physics of the RWV determine that the shear stress is fixed by three factors: gravity, the size of cell aggregates, and the difference in density between the culture medium and cell aggregates (12, 42) . A plethora of signaling pathways has been implicated by different laboratories as mediators of the cellular responses to mechanical conditions. For instance, vibration resulted in increased c-fos expression in osteoblasts (37) while suspension culture resulted in PKC activation anomalies (7, 35) . The conundrum has been to tie together diverse mediators, which range from cytoskeletal changes (23, 36) For control studies the RWV was placed in a gyrorotatory shaker. 
